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Abstract
The aim of this study was to evaluate the long-term performance of hollow-fibre (HF) membranes used to treat urban wastewater in a Submerged Anaerobic MBR when operating sub-critically. To this end, a demonstration plant with two industrial scale HF ultrafiltration membrane modules was operated under different conditions.
The main factor affecting membrane performance was the concentration of mixed liquor total solids (MLTS). The reversible fouling rate remained low even when MLTS levels (about 25 g L -1 ) in the membrane tank were high. No chemical cleaning was conducted whilst operating the plant for more than one year because no irreversible fouling problems were detected. The almost complete absence of irreversible fouling was mainly attributed to: operating at sub-critical filtration conditions; establishing a proper membrane operating mode; and to the characteristics of the anaerobic environment. No chemical precipitation problems
were observed in the membranes due to the relatively low operating pH (always below 7) of the sludge. The biogas sparging encouraged high levels of dissolved CO2 in the sludge, resulting in pH levels below 7 and alkalinity values around 600
Introduction
Because of an increased interest in sustainability within wastewater management, there has been growing attention in recent years in the study of anaerobic urban wastewater treatment at ambient temperatures. Interest has focused on the greater sustainability advantages of anaerobic processes over aerobic processes, i.e. low sludge production due to low anaerobic biomass yield; low energy consumption because no aeration is required; the production of biogas that can be used as energy; and low greenhouse gases emissions when methane is recovered from both biogas and effluent streams. The main challenge posed by anaerobic biotechnology is how to develop treatment systems that prevent biomass loss whilst enabling high sludge retention times (SRTs) in order to compensate for the low growth rates of anaerobic biomass at ambient temperatures [1] . Against the well-established Up-flow Anaerobic Sludge Blanket (UASB) and Expanded Granular Sludge Blanket (EGSB) reactor configurations, anaerobic membrane bioreactors (AnMBRs) allow meeting longer SRTs, which is the main requirement necessary for high-rate anaerobic treatment. These longer SRTs are possible since complete physical retention of solids and almost all microorganisms can be achieved in membrane separation processes. Hence, AnMBRs provide an alternative strategy for urban wastewater treatment at ambient temperatures with the potential for a high quality effluent [2] .
3
However, operating membrane bioreactors with long SRTs commonly means working with high MLTS levels, which is precisely one of the main operating drawbacks of membranes [3] . These high MLTS levels contribute to membrane fouling:
the key issue of membrane technology. Membrane fouling decreases membrane permeability (K) and increases operating and maintenance costs [4] . Therefore, the need to work with high SRTs during the anaerobic treatment of low strength wastewaters could lead to high MLTS levels, in which case higher reactor volume might be required in order to operate at lower MLTS levels. In this respect, in order to design this technology adequately, the effect of MLTS on membrane fouling must be assessed.
In addition to MLTS level, other sludge properties have been identified elsewhere as key factors affecting membrane performance [5] , such as pH and chemical precipitation. For instance, aerobic MBRs usually have high pH values probably because of the considerable CO2 stripped from the liquid phase by the air sparging used in both membrane scouring and aeration. In this respect, the solubility of chemical precipitates is directly related to the pH when a representative amount of salts is present in the mixed liquor. For instance, Martí et al. [6] found that the amount of fixed phosphorous (mainly in the form of struvite) increases at pH values above 7.1.
In order to minimise any kind of membrane fouling (reversible, irreversible, or irrecoverable) and thereby increase membrane life span, the main operating challenge for AnMBRs is to optimise membrane operation and configuration. Several fouling control strategies can be applied [7, 8, 9] , which must be able to optimise the filtration process with minimum operating and investment cost. The main points of these control strategies as regards membrane operation are: optimising the frequency and duration of the physical cleaning stages (back-flush and relaxation); optimising different operating 4 variables such as gas sparging intensity or permeate/influent flow rate ratios; and operating membranes under the sub-critical filtration conditions bounded by critical flux (JC) [10, 11] . As for membrane configuration, hollow fibre (HF) membranes are used for the entire flow range and account for about 75% of all total MBR installed capacity [12] . HF membranes require little energy due mainly to the low transmembrane pressure (TMP) required for filtration. Moreover, HF membranes are situated in the mixed liquor itself (out-in filtration) and some of the biogas produced can be recycled to the bottom of the membrane tank for in-situ sparging [1] .
Therefore, the key challenge in AnMBR technology is how to achieve suitable long-term membrane performances at competitive transmembrane fluxes (J) whilst reducing membrane fouling propensity. Martinez-Sosa et al. [13] and chemical precipitation propensity. The novelty of this study lies in analysing the feasibility of the physical separation process featured in this technology under specific conditions that are similar to the ones expected at full-scale plants. Normal membrane operating entails a specific schedule involving a combination of different individual stages taken from a basic filtration-relaxation (F-R) cycle. In addition to traditional membrane operating stages (filtration, relaxation and back-flush),
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Demonstration plant description
another two stages of membrane operation were considered: degasification and ventilation [22] .
Numerous on-line sensors and automatic devices were installed in order to SAnMBR demonstration plant can be found in Robles et al. [22] .
Demonstration plant operation
The demonstration plant was operated at an SRT of 70 days. During the experimental period of our study, the usual membrane operating mode was as follows: a 300-second basic F-R cycle (250 s filtration and 50 s relaxation), 30 seconds of backflush every 10 F-R cycles, 40 seconds of ventilation every 10 F-R cycles, and 30 seconds of degasification every 50 F-R cycles. Four gross J20 were tested in this work:
13.3, 10, 12 and 13.3 LMH, at controlled temperatures of 33, 33, 25, and 20 ºC, respectively. Hence, the operating period was divided in four experimental periods (Period i, ii, iii and iv) taking into account both J20 (13.3, 10, 12, and 13.3 LMH, respectively) and temperature (33, 33, 25 and 20 ºC, respectively). The long-term operation was carried out under sub-critical filtration conditions. To this end, the average specific gas demand per membrane area (SGDm) was set to 0. 
Membrane performance indices
A classical resistance model (Eq. 1) was used in order to quantify the total membrane resistance (RT), which was theoretically represented by the following partial resistances: membrane resistance (RM); cake layer resistance (RC); and irreversible layer resistance (RI). JT was corrected (Eq. 2) to 20 ºC (J20) to account for the dependence of permeate viscosity (µ) on temperature (T). The fouling rate was calculated using a classical regression model (Eq. 3) that takes into account the total number of data monitored (n) during the filtration time (t) in order to minimise any possible noise from the pressure indicator transmitter.
(Eq. 1)
In addition, a modified flux-step method based on the method proposed by van der
Marel et al. [25] was carried out in order to determinate the JC of each operating interval. Each JC was calculated according to the weak definition of this concept (JCW),
i.e. the flux above which the relationship between J and TMP becomes non-linear.
When applying this method, the duration of both filtration and relaxation stages was set to 15 min. The step size was arbitrarily set to 1.22 LMH of J20 (equivalent to a permeate flow-rate of 50 L h -1 ). The relaxation stages were conducted using the same SGDm as in the filtration stages. RT dropped back to previous values when MLTS level fell, thereby indicating that no significant irreversible fouling component (related to RI) contributed to RT; and 3) when the critical filtration conditions were exceeded (on days 135 to 170, and on days 190 to 220), a sharp increase on RT was observed due to a higher cake layer formation rate (i.e.
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the accumulation of more reversible fouling on the membrane surface). It must be said that RC is caused by two different effects: the cake layer formation rate (due to the filtration process) and the cake layer removal rate (due mainly to biogas sparging). It is a well-known fact that at an established SGDm the cake layer removal efficiency decreases as the MLTS level increases. As can be concluded from this figure, on days 135 to 170 and days 190 to 220, the SGDm applied to the membrane tank was not enough to meet the membrane requirements necessary to maintain sub-critical filtration conditions because of the high MLTS levels reached.
Hence, according to our study, where RI component was observed to be negligible, treating urban wastewater at 7 LMH of J20 and TSS (from approx. 9.5 to 20 g L -1 ).
Nevertheless, no stable operation of membranes was possible at J20 over 10 LMH.
The low RT values obtained in our study can be attributed to the low cake layer 12 formation throughout the operating period (the average TMP was around 0.1 bars), resulting in a low RC contribution to RT. Hence, the contribution of RM to RT became significant as a result of the low RC achieved. It must be emphasised that the membranes were operated sub-critically during almost the whole operating period. Figure 2 highlight the necessity of optimising the physical separation process in SAnMBR systems in order to maximise the economic feasibility of this technology. Figure 3 shows the fouling rate profile (calculated with Eq. 3) obtained during the operating period, as well as the MLTS level in the anaerobic sludge fed to the membrane tank. The fouling rate and MLTS level are both daily averages. As can be observed in Figure 3 , the fouling rate remained at low values (below 10 mbar min -1 ) until the MLTS raised the above-mentioned threshold concentration (around 25 g L -1 ).
Evolution of the fouling rate
Above this value, the fouling rate showed a sharp increase due to exceeding the critical filtration conditions. In fact, the fouling rate reached unsustainable values (around 100 respectively (see Figure 4) . It must be emphasised that since the flux-step method was conducted using industrial scale membranes, the differences between the theoretical and
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the observed values were reduced [22] . The fouling rate profile in Figure 3 shows that the filtration process remained sub-critical until day 135. The results shown in figures 2 and 3 highlight the possibility of operating membranes anaerobically at higher MLTS levels (up to 25 g L -1 ) than aerobically, since no oxygen for organic matter removal is required. MLTS levels in aerobic MBRs are limited due to oxygen transfer limitation problems [27] . In this respect, the operating volume envisaged originally can be reduced considerably in comparison with the volume required under aerobic conditions. Moreover, these results confirm that the MLTS level is a key factor governing membrane fouling in this HF-SAnMBR system, since membrane permeability was restored to previous values when the MLTS level fell. Nevertheless, the effect of other factors mainly related to sludge characteristics (i.e.
biomass, SMP and EPS concentrations) on membrane fouling should be considered. Figure 4 shows JCW,20 to be directly related to SGDm when operating at high MLTS levels (at 23 and 28 g L -1 ). This relationship predicts that it is theoretically possible to operate membranes sub-critically at high MLTS levels without applying prohibitive Figure 5a shows the TMP profile at the end of the second experimental period (day 135) and also the membrane operating mode. In this case, the MLTS in the anaerobic reactor was 22 g L -1 , whilst the MLTS in the membrane tank was estimated to be approximately 24.5 g L -1 according to the ratio between the net permeate flow rate and the sludge flow rate entering the membrane tank. As stated before, the critical flux (normalised at 20 ºC) under these conditions was calculated to be approximately 13 LMH. Hence, the membranes were operated at sub-critical filtration conditions. Figure   5a shows the total TMP recovery after the relaxation stage, which confirms that no irreversible fouling was detected throughout the operating period. The maximum TMP was 0.08 bars, which is very low compared to both the maximum value recommended by the supplier (0. Therefore, the physical cleaning mechanisms (relaxation, back-flush and shear intensity of gas sparging) were enough to completely remove the physical fouling from the membrane surface. This fouling removal also highlights the importance of establishing both an adequate membrane configuration and an adequate membrane operating mode in order to minimise filtration problems such as clogging and irreversible/irrecoverable fouling.
Sub-critical filtration conditions
Membrane operating mode
Hence, proper membrane configuration and operating mode may allow for establishing competitive transmembrane fluxes in order to increase the economic feasibility of full-scale anaerobic MBRs compared to full-scale aerobic MBRs, which commonly operate at J20 from 10 to 25 LMH [31] . In our work, membranes were operated at gross J20 values from 10 to 13.3 LMH, resulting in low fouling rate values.
Recent literature on anaerobic MBRs has also shown the potential of SAnMBR technology for urban wastewater treatment. For instance, Martinez-Sosa et al. [32] achieved proper long-term operation of membranes (resulting in low fouling rates) at J values of up to 10 LMH and TSS levels of up to 15 g L -1 . However, above these J values a considerable increase in fouling rate was observed since the critical flux was established at 7 LMH for similar TSS. In contrast, our study showed lower TMP and fouling rates at higher J20 than the above-mentioned study, whilst operating at similar gas sparging intensities. This behaviour can be mainly attributed to the membrane scale.
Membrane length is a key design parameter that not only affects the shear conditions and gas sparging efficiency, but also the grade of lateral movement, which also contributes to partially-removing the cake layer. Moreover, the transmembrane fluxes used in our work are higher than the fluxes applied in SAnMBR systems treating industrial wastewater, which are commonly operated at transmembrane fluxes below 10
LMH whilst operating at TSS levels around 10 g L -1 [33] . Hence, the results presented in our work highlight the potential of SAnMBR technology for urban wastewater treatment at full-scale.
Chemical factors minimising the onset of irreversible fouling problems
Apart from operating at sub-critical filtration conditions and establishing an adequate membrane operating mode, other factors were identified as key parameters minimising possible irreversible/irrecoverable fouling problems in this HF-SAnMBR system, such as the relatively low operating pH (around 6.7), which reduces the chemical precipitation propensity.
Throughout the operating period shown in Figure 2 Therefore, further research is needed in order to assess the actual effect of pH on membrane fouling.
Conclusions
The membrane performance demonstrated that HF-SAnMBR is a promising 
